. Changes in activity of the H+-ATPase and voltage-gated ion channels are probably components of the mechanism (1, 25, 28) . Elucidation of the details would yield results relevant to numerous physiological processes that depend on Vm3.
This study focused on plasma membrane ion channels (reviewed in ref. 27) in Arabidopsis thaliana mesophyll cells and demonstrates the involvement of one channel type in a light-induced voltage change. Mutants that are defective in photoperception and/or signal transduction will be useful in future investigations of the response of Vm to light. Thus, combinations of genetic and patch-clamp techniques, both having resolution at the molecular level, are anticipated to advance the study of membrane transport and its control.
MATERIALS AND METHODS Plant Material
Arabidopsis thaliana (L.) Heynh. (Landsberg genotype) plants were grown from unsterilized seeds sown on wet vermiculite:sand (10:1 mixture) in plastic containers (100 x 100
x 85 mm) placed on an irrigation table flooded twice daily with a nutrient solution (Hyponex Co., Copley, OH). Fluorescent and incandescent bulbs delivered light (20 W-mm2) on a 16-/8-h light/dark cycle. Rosette leaves (approximately 25 x 10 mm) from 3-week-old plants were excised, and portions of the abaxial epidermis were peeled offwith forceps. The peeled areas were floated peeled side down on 2 mL of protoplast isolation medium (0.6 M sorbitol, 10 mM KCl, 5 mM Mes, 1 mm CaCl2, adjusted to pH 5.8 with BTP) containing 5 mg Cellulysin (Calbiochem, San Diego, CA), 2 mg Pectinase (Sigma, St. Louis, MO), and 5 mg BSA (Sigma) in a small Petri dish (40 x 10 mm). The dish was gently shaken at 60 rpm for 1 h at 28°C. Undigested material was removed, and the protoplast suspension was centrifuged at 730g for 2 min. The pellet was resuspended in fresh medium, centrifuged, resuspended again, and stored on ice for up to 8 h.
Single-Channel Recording Apparatus
Patch-clamp experiments were performed generally as described in ref. 12 . Micropipettes were pulled from Kimax-5 1 capillary glass (Kimble Products, Vineland, NJ) to a tip diameter of 1 to 2 ,tm and heat polished. The resulting electrodes, when filled as described below, had resistances of approximately 10 MQ. A Ag/AgCl reference electrode contacted the bath by way of a salt bridge. Electrode offsets were nulled before each experiment with the correction circuitry of the amplifier (Axopatch-lA with CV-3 headstage; Axon Instruments, Burlingame, CA). Amplifier output was continuously recorded on a Toshiba M-120 videotape recorder via a pulse-code modulator (model VR-IOA; Instrutech Corp., Elmont, NY). Recorded data were replayed, filtered (lowpass, 8-pole Bessel filter; model 902LPF, Frequency Devices, Haverhill, MA) and sampled at a rate at least twice the filter frequency using pCLAMP 5.51 software and a TL-1 data interface (both from Axon Instruments). Data were also obtained with the apparatus described in ref. 4 The change in Vm followed the onset of illumination by less than the approximately 1 s of resolution obtainable with manual switching of the light. Irradiating submerged electrodes alone had no effect, ruling out possible artifacts due to light sensitivity of Ag/AgCl electrodes.
Notation and Sign Convention
Vm is defined as the electric potential of the cytoplasm minus that of the extracellular space. Currents through an open channel, IO, are taken to be positive when they carry positive charge out of the cytoplasm (outward current). Positive currents and voltages are plotted above or to the right of a reference. In this report, the term "I-V curve" refers to a plot of I,, versus Vm. Important ion concentrations at the two sides of an inside-out patch are given in millimolars in the form jcytoplasmic/extracellularl. For example, (250/50 K)
indicates that there was 250 mM K+ at the cytoplasmic side (bath) and 50 mM K+ at the extracellular side (pipette). (200 Na + 50 K/50 K) means the bath contained 200 mM Na+ + 50 mM K+ and the pipette contained 50 mM K+.
Kinetic Modeling
A cyclic two-state model with four apparent rate constants (units of s-') was used to describe the I-V curves (1 1, 13). One voltage-dependent pair of rate constants (kio, and koi) stands for the reversible transition of the charge between the cytoplasm (inside, i) and the outside (o): kio,= k%ifand koi= k=,il f The superscript 0 denotes the value at zero voltage andf= exp(VVmze/2kT). z, e, k, and T have their usual thermodynamic meanings. The factor 2 reflects the assumption that the Eyring (energy) barrier is symmetric. The second pair of rate constants (Koi and Ki,) stands for the remaining, voltageindependent part of the reaction cycle. The current-voltage relationship of this model reads:
(ki, + koi + Kio + Koi) (1) A three-state model is appropriate to describe two I-V curves obtained with different inside substrate concentrations. The three states correspond to the (sole) binding site loaded with the charge z facing inside (1) or outside (2) and the empty, neutral binding site inside (3) . The voltage-dependent step is now k12 = k012f and k21 = k°2/f Substrate binding to, and debinding from, the inward-oriented binding site is described by k3 = k%3I[S]i (c03 being the rate constant with 1 M inside substrate concentration) and k13, respectively. A pair offormal rate constants (k23 and k32) stands for the unaffected part of the reaction cycle. The I-V relationship of the three-state model reads:
Io(Vm) = ze (k l2k23k3I -k2lkl3k32) (k2lk3 + k32k21 + k23k3l + k,2k32 + k,3k32
In the I-V diagrams presented below, the solid curves are least-squares fits of Equations 1 or 2 to the plotted data. the basis of conductance (data not shown), the light-induced channel currents shown in Figure 1B probably correspond to PKC 1. High selectivity of PKC1 for K+ over Na+ is demonstrated by Figure 3 . In 1250/50 K} the reversal voltage was -40 mV (EK= -41 mV) and in 1200 Na + 50 K/50 K} it was 3 mV (EK = 0, if differences in activity coefficients are not considered). No positive currents could be detected after the K+ on the cytoplasmic side was completely replaced with Na+, even at Vm = 120 mV. The single-channel traces shown in Figure 3 , top left inset, were obtained with 1 ,M cytoplasmic free Ca2`.
Plasma Membrane K+ channel, PKC2 Figure 4 (top) displays sample recordings of PKC2 currents at several voltages. The curve in Figure 4 ( 
Plasma Membrane Cation Channel, PCC1
Examples of current recordings from a third type ofchannel are shown in Figure 6 (top). A synopsis of I-V data for this channel (Fig. 6, bottom) Effects of Reductants Figure 7 shows the effects of reductants on PKC1 (A) and PCC1 (B) channels. The traces in Figure 7A Figure 7B is a continuous record (note compressed time scale) showing increased activity of PCCl induced by 10 mM ,3-mercaptoethanol. Both reducing agents were capable ofstimulating the activity ofall three channel types. However, they often lowered seal resistance, precluding measurement of channel stimulation. A related observation was that gigaohm seals were very difficult to obtain using protoplasts pretreated with reducing agents.
Whether PO was high or low, the mean open times (for all three channel types) were in the range of tens of milliseconds. Thus, changes in P0 induced by light or reductants appeared to reflect changes in the durations of the closed states.
DISCUSSION
Light-Related Changes in Vm Activation of K+ channels by light (Fig. I B) could depolarize the membrane as far as EK, but the light-induced depolarizations in situ probably proceed beyond this point (Fig. IA) . Therefore, activation of a conductance having a reversal voltage more positive than EK must also occur. Channels of such complexity in the mechanism is the "shoulder" apparent during the depolarization (Fig. IA) . As the depolarization progresses beyond EK, outward K+ currents through PKC1, PKC2, and PCC1 would tend to counteract it. Thus, the channels described here may shape, as well as initiate, the light-induced Vm transient.
Effects of Reductants
Reductants added to the cytoplasmic side of a patch greatly increased the activity of channels in the plasma membrane of Arabidopsis (Fig. 7) and the tonoplast of yeast (4) . In Arabidopsis mesophyll cells, light may exert its effects on Vm (Fig.  IA) and channels (Fig 1B) via photosynthesis by producing diffusible reductants. The reducible sites in the membrane that affect channel activity may be sulfhydryl groups on the channel proteins. Similar redox control of plasma membrane H+-ATPase activity has been measured and discussed in the context of the plasma membrane electron transport chain (8) , which also can be stimulated by light (6) .
Channel Taxonomy
The I-V characteristics of PKCl appear similar to those of a K+ channel in Vicia faba guard cells, taking into account the differences in experimental conditions (23) . However, the selectivity of PKCl for K+ over Na+ appears higher. An I-V curve, similar in shape and amplitude, was also obtained for a channel in the plasma membrane ofcorn suspension culture cells (9) . The selectivity of this channel was not determined because the data were recorded in the cell-attached mode.
The I-V curves in a previous report of K+ channels in the plasma membrane of Arabidopsis callus cells (19) do not correspond with the experimental recordings. Reanalysis of the latter suggests that the channel may correspond to PKC2. No reports of other channels similar to PKC2 could be found.
A nonselective cation channel in the plasma membrane of endosperm cells from Amaryllidaceae (26) displays a steep I-V curve when Vm is more positive than EK and, therefore, appears similar to PCC1. However, the I-V curves showed no sigmoidicity, unlike those for PCC1. High-conductance channels with low selectivity between monovalent cations have been found in the tonoplasts of fungi (4) and plants (27) and in the plasma membrane of bovine lens fiber cells (7) . The bovine channel has a preferred conductance state of 180 pS with $100/100 K) and may be responsible for the electrical coupling of lens cells. Its cDNA is homologous with a cDNA cloned from Nicotiana and Arabidopsis roots (29) and a seed tonoplast protein (15) . These findings raise the possibility that PCC1 is related to the bovine channel and products of the homologous plant genes. Ion channels are proteins that catalyze the transport of ions across a lipid membrane. If the open-channel current (rate of charge transport) is equated with enzyme velocity, the I-V curves can be analyzed with enzyme kinetics. The approach has been formalized for ion channels ( 11) and applied to I-V data obtained from various plant channels (2, 3, 11, 17) . Class I models (13) were readily fitted by sets of unique parameters to all I-V data in this report, providing a useful way to obtain Gmax and V1=o and an interesting interpretation of conductance.
Saturation of I, at large membrane voltages (Figs. 2 and 3) is described by the model and could result either from a limiting rate of conformational change within the reaction cycle or from a brief (relative to the time resolution of IO, measurements), voltage-dependent blocking by competing ions such as Na+ (2), Ca2+ (18) or Cs' (17) . The standard recording conditions used here did include potentially blocking concentrations ofCa2+. However, blocking by Ca2+ cannot explain the saturation in the PKC 1 I-V curves (Figs. 2 and 3) because the results obtained with 10 mm or 1 ,uM cytoplasmic side Ca2+ were similar (Fig. 3) .
The reduction of I, by Ca2+ in PCC 1 differs from the type of blocking described above insofar as no voltage dependence of the effect was detected. The scale, but not the shape, of the I-V curve was affected by Ca2+ (Fig. 6, bottom) . This effect is distinct from the effects of Ca2+ in the physiological range (submicromolar; 4, 16, 22, 26) which can be mediated by calmodulin (21) . We have observed that P0 ofthe Arabidopsis channels is sometimes decreased by reducing cytoplasmic side Ca2+ to <1 juM. Exploring this aspect of regulation may reveal other scenarios in which these channels become important pathways for K+ diffusion.
